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Hydra magnipapillata has three distinct genes coding for preprohormones A, B, and C, each yielding a characteristic set of
Hydra-RFamide (Arg-Phe-NH2) neuropeptides, and a fourth gene coding for a preprohormone that yields various Hydra-LWamide
(Leu-Trp-NH2) neuropeptides. Using a whole-mount double-labeling in situ hybridization technique, we found that each of the
four genes is specifically expressed in a different subset of neurons in the ectoderm of adult Hydra. The preprohormone A gene
is expressed in neurons of the tentacles, hypostome (a region between tentacles and mouth opening), upper gastric region, and
peduncle (an area just above the foot). The preprohormone B gene is exclusively expressed in neurons of the hypostome, whereas
the preprohormone C gene is exclusively expressed in neurons of the tentacles. The Hydra-LWamide preprohormone gene is
expressed in neurons located in all parts of Hydra with maxima in tentacles, hypostome, and basal disk (foot). Studies on animals
regenerating a head showed that the prepro-Hydra-LWamide gene is expressed first, followed by the preprohormone A and
subsequently the preprohormone C and the preprohormone B genes. This sequence of events could be explained by a model based
on positional values in a morphogen gradient. Our head-regeneration experiments also give support for transient phases of head
formation: first tentacle-specific preprohormone C neurons (frequently associated with a small tentacle bud) appear at the center
of the regenerating tip, which they are then replaced by hypostome-specific preprohormone B neurons. Thus, the regenerating tip
first attains a tentacle-like appearance and only later this tip develops into a hypostome. In a developing bud of Hydra,
tentacle-specific preprohormone C neurons and hypostome-specific preprohormone B neurons appear about simultaneously in
their correct positions, but during a later phase of head development, additional tentacle-specific preprohormone C neurons
appear as a ring at the center of the hypostome and then disappear again. Nerve-free Hydra consisting of only epithelial cells do
not express the preprohormone A, B, or C or the LWamide preprohormone genes. These animals, however, have a normal
phenotype, showing that the preprohormone A, B, and C and the LWamide genes are not essential for the basic pattern formation
of Hydra. © 1999 Academic Press
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sINTRODUCTION
Cnidarians are primitive animals such as sea anemones,
corals, and jellyfishes and are closely related to the first
metazoans that evolved a nervous system. The primitive
nervous systems of cnidarians produce large amounts of a
variety of neuropeptides (for a review see Grimmelikhuij-
zen et al., 1996). These neuropeptides may function as
1 To whom correspondence should be addressed. Fax: 0045-
r35321200. E-mail: cgrimmelikhuijzen@zi.ku.dk.
0012-1606/99 $30.00
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All rights of reproduction in any form reserved.neurotransmitters or neuromodulators, but also as neuro-
hormones, controlling developmental processes such as
morphogenesis (Grimmelikhuijzen et al., 1992, 1996; Leitz
et al., 1994; Takahashi et al., 1997). Of all cnidarians, Hydra
is the most widely used model to study development.
Recently, we have isolated four peptides from Hydra that
all have the C-terminal sequence Arg-Phe-NH2 (RFamide)
n common (Moosler et al., 1996). Using immunocyto-
hemistry and immunoelectron microscopy, we have
hown that these RFamide peptides are produced by neu-
ons in Hydra and that they are localized in neuronal
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190 Mitgutsch, Hauser, and Grimmelikhuijzendense-cored vesicles (Grimmelikhuijzen, 1985; Koizumi et
al., 1989). We have also cloned the preprohormones for the
Hydra-RFamides and found that three different genes code
for three different preprohormones, each containing several
Hydra-RFamide variants (Darmer et al., 1998). Preprohor-
mone A contains single unprocessed copies of the isolated
neuropeptides Hydra-RFamide I (,Glu-Trp-Leu-Gly-Gly-
Arg-Phe-NH2), Hydra-RFamide II (,Glu-Trp-Phe-Asn-Gly-
Arg-Phe-NH2), Hydra-RFamide III/IV (Lys-Pro-His-Leu-Arg-
ly-Arg-Phe-NH2/His-Leu-Arg-Gly-Arg-Phe-NH2), and sev-
ral other, not yet identified, putative neuropeptide se-
uences (Fig. 1A). Preprohormone B resembles preprohor-
one A and contains single unprocessed copies of Hydra-
Famide I and II and various other, putative neuropeptide
equences (Fig. 1B). Preprohormone C is rather different
rom the other two preprohormones and contains one copy
f unprocessed Hydra-RFamide I and seven other, putative
europeptide sequences (Fig. 1C).
In addition to the RFamide preprohormones, we have also
loned a preprohormone from Hydra that gives rise to a
eries of putative neuropeptides with the C-terminal se-
uence Leu-Trp-NH2 (LWamide; Leviev et al., 1997; Fig.
D). Independent of our own cloning work, five of these
utative neuropeptides have recently been isolated and
equenced from Hydra extracts (Takahashi et al., 1997).
FIG. 1. Schematic representation of four preprohormones in Hy-
dra. (A) Preprohormone A, containing a signal sequence (black box),
ne unprocessed Hydra-RFamide I (hatched and marked by 1),
ydra-RFamide II (2), Hydra-RFamide III/IV (3, 4), and several
utative neuropeptide sequences (hatched, without numbers). (B)
reprohormone B, containing a signal sequence (black) and one
nprocessed sequence of Hydra-RFamide I (1), Hydra-RFamide II
2), and several putative neuropeptide sequences (hatched, without
umbers). (C) Preprohormone C, containing a signal sequence
black), one copy of unprocessed Hydra-RFamide I (1), and seven
utative neuropeptide sequences (hatched, without numbers). (D)
he Hydra-LWamide precursor, containing a signal sequence
black), unprocessed sequences of the isolated peptides Hydra-
Wamide I–V (hatched and marked by 5–9), and three putative
europeptide sequences (hatched, without numbers). The data of
–C are from Darmer et al. (1998), those of D from Leviev et al.
1997) and Takahashi et al. (1997).he LWamide peptides from Hydra and other cnidarian
Copyright © 1999 by Academic Press. All rightpecies induce metamorphosis in planula larvae from the
arine hydroid Hydractinia echinata, but also stimulate
uscle contraction (Leitz et al., 1994; Takahashi et al.,
997).
It is currently not known whether the genes coding for
he Hydra-RFamide preprohormones A, B, and C and the
ydra-LWamide preprohormone are expressed in the same
r in different sets of neurons and it is also unknown how
hese genes are regulated during developmental processes
uch as head regeneration and bud development. Further-
ore, it is not known to what extent these genes, via their
europeptide products, control basic pattern formation in
ydra. All these questions are addressed in the present
aper.
MATERIALS AND METHODS
Animals
Hydra magnipapillata strain 105 (isolated by Drs. T. Sugiyama
and T. Fujisawa, National Institute of Genetics, Mishima, Japan)
was cultured as described earlier (Leviev et al., 1997). Nerve-free,
epithelial H. magnipapillata were obtained in two ways. First, a
himera (A10; a kind gift from Dr. T. Fujisawa) that consisted of
pithelial cells from H. magnipapillata strain 105 and I cells from
temperature-sensitive mutant (sf-1; Sugiyama and Fujisawa,
978) was used. At normal culture temperature (20°C), the chimera
as the cell composition of a normal Hydra, but at elevated
emperatures, it loses its I cells and all their differentiation prod-
cts (such as nerve cells and nematocytes) and turns into a
erve-free, epithelial Hydra consisting only of wild-type strain 105
pithelial cells. This chimera was kept at 28°C for 10 days in Hydra
edium (Leviev et al., 1997) supplemented with 50 mg/L rifampi-
cin and 50 mg/L kanamycin without feeding. The animals were
ubsequently returned to 20°C and force-fed during 2 months with
auplii of Artemia salina (which had been killed and disrupted by
reezing), using a glass capillary. Six hours after feeding, the gastric
avities of the animals were rinsed using a fine water jet from a
lass capillary. In the course of these 2 months, the third generation
f buds became fully nerve-free (as determined by in situ hybrid-
zation, see below).
The second method of obtaining nerve-free Hydra consisted of a
reatment of wild-type H. magnipapillata with 0.4–0.8% colchi-
ine (Sigma) for 7 h (Campbell, 1976). The animals were subse-
uently washed and kept in Hydra medium supplemented with 50
g/L rifampicin and 50 mg/L kanamycin for 10 days without
feeding, but with a regular change of culture medium. The animals
were then force-fed as described for the chimerae.
For regeneration experiments, we used Hydra without buds
starved for 1 day. They were transversely cut, either just below the
tentacle zone or in the middle of the body column, using a fine
piece of sharp razor blade. After cutting they were transferred to
fresh Hydra medium.
In Situ Hybridization
Whole-mount in situ hybridizations using single, digoxigenin-
labeled cRNA probes were carried out as described by Grens et al.
(1996) with the following slight modifications. pBluescript vectors
(Stratagene) containing cDNA insertions coding for either prepro-
hormone A (nucleotide positions 2–537 of Fig. 1 from Darmer et al.,
s of reproduction in any form reserved.
s
d
b
i
(
(
r
t
r
s
c
d
u
W
T
t
b
s
a
w
t
r
o
h
h
A
a
g
u
191Developmental Expression of Hydra Neuropeptide Genes1998), preprohormone B (nucleotide positions 146–614 of Fig. 2
from Darmer et al., 1998), preprohormone C (nucleotide positions
1–1303 of Fig. 3 from Darmer et al., 1998), or prepro-Hydra-
LWamide (nucleotide positions 765–1377 from Leviev et al., 1997)
were used. These vectors were linearized by cleavage at a suitable
position. Sense or antisense in vitro transcripts were obtained using
T3 or T7 RNA polymerase and the DIG RNA Labeling Kit
(Boehringer Mannheim). Hybridization was performed for 3 days at
55°C in 50% formamide, 53 SSC (13 SSC is 150 mM NaCl, 15 mM
sodium citrate, pH 7.0), 0.1% Tween 20, 0.1% Chaps {3-[(3-
cholamidopropyl)dimethylammonio]-1-propane sulfonate; Sigma},
13 Denhardt’s solution (13 Denhardt’s solution is 0.02% bovine
serum albumin, 0.02% polyvinylpyrrolidone, 0.02% Ficoll), 0.01%
heparin, and 0.2 mg/ml labeled RNA probe. Staining was carried out
in the dark using Fab fragments of a monoclonal digoxigenin
antibody coupled to alkaline phosphatase and BM purple as a
substrate (Boehringer Mannheim).
For the simultaneous visualization of the expression of two
genes, we also synthesized RNA probes that were labeled with
biotin, using the Biotin RNA Labeling Mix (Boehringer Mann-
heim), or with fluorescein, using the Fluorescein RNA Labeling
Mix (Boehringer Mannheim). The hybridization was carried out
with a 1:1 mixture of two differently labeled probes, corresponding
to two different preprohormone genes. Staining of the digoxigenin-
labeled probe was carried out using the digoxigenin antibody-
coupled alkaline phosphatase described above, using as substrate
either BM purple (Boehringer Mannheim) or Fast Red (Sigma).
Staining of the fluorescein-labeled probe was performed using Fab
fragments of a monoclonal fluorescein antibody that were conju-
gated to alkaline phosphatase (Boehringer Mannheim). As a sub-
strate, either BM purple or Fast Red was used. Staining of the
biotin-labeled probe was performed using Fab fragments of a mono-
clonal biotin antibody conjugated to peroxidase and
diaminobenzidine/H2O2 as substrate (Boehringer Mannheim). For
taining of samples that were double-hybridized with biotin and
igoxigenin probes, we added a mixture of the peroxidase-coupled
iotin antibody and phosphatase-coupled digoxigenin antibody,
ncubated and washed the sample as described by Grens et al.
1996), and then stained it with one of the phosphatase substrates
BM purple or Fast Red) as mentioned above. The phosphatase
eaction was stopped by washing away the substrate, after which
he buffer was changed for that necessary for the peroxidase
eaction (DAB substrate; Boehringer Mannheim). For staining of
amples that were double-hybridized with digoxigenin and fluores-
ein probes, we first incubated them with a phosphatase-coupled
igoxigenin antibody and carried out one phosphatase reaction
sing one of the phosphatase substrates (BM purple or Fast Red).
e stopped this reaction with 100 mM glycine–HCl, pH 2.2/0.1%
ween 20 (Hauptmann and Gerster, 1994), washed the sample, and
hen incubated it with the phosphatase-coupled fluorescein anti-
ody followed by the second phosphatase reaction using the other
ubstrate (or vice versa).
Because the probe for preprohormone A mRNA slightly crossre-
cts with preprohormone B mRNA, and the preprohormone B probe
ith preprohormone A mRNA (Darmer et al., 1998), we added the
wo differentially labeled probes together in one hybridization
eaction, but only stained for one of them. In this way, we always
btained a specific preprohormone B staining (because the prepro-
ormone A mRNA was competed away by the unstained prepro-
ormone A mRNA probe) or, vice versa, a specific preprohormone
staining (because the preprohormone B mRNA was competed
way by the unstained preprohormone B mRNA probe).Stained animals were mounted either in Euparal or in buffered
Copyright © 1999 by Academic Press. All rightlycerol (after Fast Red staining) and examined and photographed
sing a Leica DMRB microscope.
RESULTS
Expression of the Four Preprohormone Genes in
Adult Hydra
Using digoxigenin-labeled antisense RNA probes corre-
sponding to the whole cDNA coding for the Hydra-RFamide
preprohormone A, we found hybridization in neurons of the
ectoderm of the peduncle (a region just above the foot),
upper gastric region (just below the tentacles), hypostome (a
region between tentacles and mouth opening), and tentacles
(Fig. 2A). Hybridization was clearly in neurons, but it could
not always be excluded that other cell types, for example
epithelial cells, were also stained. By changing the labeling
or staining methods, however, it became clear that the
hybridization was exclusively in neurons (Figs. 3E and 4A).
Using digoxigenin-labeled antisense RNA probes corre-
sponding to preprohormone B cDNA, we found exclusive
staining in the ectoderm of the hypostome (Fig. 2B). This
staining was caused by neurons that were mostly elongated
in shape and projected toward the outer surface of the
ectoderm and, thus, clearly were sensory neurons. By
changing the labeling or staining methods, it became clear
that the hybridization was confined to neurons and that no
other cell types were stained (Fig. 4B).
With antisense probes corresponding to preprohormone C
cDNA, we found exclusive staining of neurons in the
tentacles (Fig. 2C) with a sharp border of preprohormone C
expression between tentacle bases and hypostome.
When we used an antisense probe corresponding to the
Hydra-LWamide precursor cDNA, we obtained strong hy-
bridization in neurons of the tentacles, hypostome, gastric
region, and pedal disk (foot) (Fig. 2D) with clear maxima of
neuronal cell densities in head (tentacles and hypostome)
and pedal disk. However, in contrast to the other three
preprohormone genes, we found that Hydra-LWamide gene
expression in the midgastric area and in very early buds
strongly varied. In some batches of animals, we found
strong staining in these regions, whereas in other batches
these regions were virtually devoid of hybridizing neurons.
The reason for these differences is unclear. For head regen-
eration and other developmental experiments (see below),
we always analyzed batches of animals that initially were
free of hybridizing neurons in the midgastric region.
When we used sense instead of antisense probes in our in
situ hybridizations, or when we used no probes at all, no
staining was observed.
Different Sets of Neurons Express the Four
Preprohormone Genes
To find out whether the same or different neurons ex-
press the four preprohormone genes, we carried out double-
labeling experiments, using digoxigenin-labeled RNA
probes corresponding to one preprohormone cDNA and
s of reproduction in any form reserved.
192
p
p
s
b
s
a
p
s
M
t
i
p
n
a
n
b
h
t
p
o
t
o
b
w
c
a
n
(
d
d
d
o
193Developmental Expression of Hydra Neuropeptide Geneseither biotin-labeled or fluorescein-labeled RNA probes
corresponding to another preprohormone cDNA. In this
way we found that the four preprohormone genes were
expressed in four different sets of neurons. Examples of this
double-labeling in the tentacles are given in Figs. 3A–3D.
Figure 4 gives examples of whole-mount double-labeling
experiments in other regions of Hydra.
The cDNA probes coding for the preprohormones A and B
slightly crossreact (Darmer et al., 1998), giving a potential
roblem with the identification of neurons expressing the
reprohormone A or B gene. For in situ hybridizations using
ingle staining, however, we could circumvent this problem
y adding the two differentially labeled probes together, but
taining only one of them. In this way, we always obtained
specific staining for preprohormone B mRNA, because the
reprohormone A mRNA was competed away by the un-
tained preprohormone A mRNA probe or vice versa (see
aterials and Methods). Using this technique, we found
hat the preprohormone B gene was exclusively expressed
n a specific set of neurons in the hypostome, whereas the
reprohormone A gene was expressed in a specific set of
eurons in the peduncle, upper gastric region, tentacles,
nd, again, hypostome (see above). Therefore, the only
eurons in which the preprohormone A and B genes could
e coexpressed would be neurons of the hypostome. Here,
owever, we could not decide, using our double-labeling
echnique with both cRNA probes visualized, whether the
reprohormone A and B genes were expressed in the same
r in different sets of neurons.
Expression of the Four Preprohormone Genes in
Developing Buds
In developing buds, the four preprohormone genes are
expressed in a fixed, temporal pattern. First, neurons con-
taining mRNAs for the Hydra-LWamide preprohormone
(“LWamide neurons”) emerge at the tip of a very young bud,
followed by neurons expressing the preprohormone A gene
(“A neurons”; Fig. 5A). Then, at about the same time,
neurons expressing the preprohormone B gene (“B neu-
rons”) and those expressing the preprohormone C gene (“C
neurons”) appear. The B neurons originate in a disk-like
area located around the center of the tip of the developing
bud (Figs. 5D and 7E), whereas the C neurons appear at the
periphery of the bud tip, at positions at which later the
FIG. 2. Whole-mount in situ hybridization of Hydra with cR
Hydra-LWamide preprohormone. (A) Hybridization with the prepr
hypostome, tentacles, upper gastric region, and peduncle. The anim
not yet expressed the preprohormone A gene (365). (B) Hybridiza
neurons in the ectoderm of the hypostome (370). (C) Staining with
the ectoderm of the tentacles. Note staining in the tentacles of two
Staining is seen in ectodermal neurons occurring all over the Hydr
young developing bud at the lower right side that is heavily staineCopyright © 1999 by Academic Press. All rightentacles emerge (Figs. 6A and 7A). At a later stage, clusters
f C neurons form, each associated with a small tentacle
ud located at the margin of the Hydra bud tip (Fig. 7B),
hile the B neurons increase in number and occupy the
enter of the tip (Fig. 7F). Subsequently, when the tentacles
nd associated C neurons have become more prominent, a
ew ring of C neurons originates in the center of the bud tip
Figs. 3F, 6B, and 7C). This central ring of C neurons
isappears again when the bud grows older (Fig. 7D). Less
ramatic changes occur with the B neurons during final bud
evelopment (Figs. 5E, 7G, and 7H), since they gradually
ccupy the positions that we know from adult animals.
Expression of the Four Preprohormone Genes in
Hydra Regenerating a Head
To see whether the same temporal pattern of neuropep-
tide gene expression and tentacle development also can be
observed in other developmental processes involving head
formation, we have investigated Hydra regenerating a head.
For this purpose, Hydra heads were cut off by a transverse
section just below the tentacle zone. By this, all tentacle-
specific C neurons were removed and the reoccurrence of C
neurons and tentacle buds was subsequently monitored. C
neurons appear at the head-regenerating tip about 20 h after
cutting (Fig. 8A). They then increase in number and spread
in a rather irregular fashion over the apical surface of the
regenerating head (Figs. 8B and 8C). Subsequently, clusters
of C neurons form: one central cluster at the tip and five or
six peripheral clusters at the basis of the area regenerating a
head (Figs. 8D and 8E). At this stage, all C neuron clusters
are very regularly spaced, having about the same distance
between each other. Furthermore, small tentacle buds have
appeared both in the peripheral and in the central C neuron
clusters (Fig. 8D). Subsequently, the central C neuron
cluster and associated tentacle bud disappear, while the
peripheral C neuron clusters and tentacle buds become
more prominent and develop into tentacles (Fig. 8E and 8F).
Because the regenerates described above still contained
the “old” A and LWamide neurons of their upper gastric
region, no conclusion could be drawn regarding the tempo-
ral appearance of these neurons in the regenerating heads.
To obtain a more complete picture of the reappearance of all
four neuronal cell types, we have cut Hydra in the middle of
their body columns and followed the regeneration of heads
probes coding for the preprohormones A, B, and C and the
mone A probe. Staining occurs in neurons in the ectoderm of the
developing two buds at the lower right and left sides, which have
with the preprohormone B probe. Staining occurs exclusively in
preprohormone C probe. Staining occurs exclusively in neurons in
r buds (340). (D) Staining with the prepro-Hydra-LWamide probe.
y with maxima in tentacles, hypostome, and pedal disk. Note the
its tip (365).NA
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195Developmental Expression of Hydra Neuropeptide Genesin the lower body column parts. We found that first the
LWamide neurons emerge at the tip of the regenerating
head, followed by A, C, and then B neurons. We also found
FIG. 4. Simultaneous visualization of the expression of two preproh
adult Hydra and a connecting young bud. The preprohormone A ge
peduncle of the adult Hydra and in ectodermal neurons of the hyposto
The preprohormone C gene (blue) is exclusively expressed in the tent
preprohormone B gene (brown) is exclusively expressed in neurons loca
(red) is expressed in neurons of the tentacles (somewhat out of focus;
FIG. 3. Simultaneous visualization of the expression of two pre
preprohormone A (red) and C (blue) genes in different neurons of t
LWamide (brown) gene in different neurons of the tentacles (3350
different neurons of the tentacles (3350). (D) Expression of the prep
the tentacles (3350). (E) Staining of the preprohormone A gene exp
(note the stained processes). The staining was carried out by alkalin
sequential use of the two substrates gave both a high resolution an
of a developing bud, showing expression of the preprohormone C
neurons at the tip of the bud (380).Copyright © 1999 by Academic Press. All rightpattern in the appearance of C neurons similar to that in
he above-mentioned regenerates. First, the C neurons
ncrease in number and spread over a larger surface of the
ne genes in Hydra whole mounts. (A) Peduncle and basal disk of an
ed) is expressed in an ectodermal dense network of neurons in the
tentacles, subhypostomal region, and developing peduncle of the bud.
ips of the bud (380). (B) Hypostome of an adult Hydra. Note that the
n the ectoderm of the hypostome, whereas the preprohormone C gene
0).
ormone genes in whole mounts of Hydra. (A) Expression of the
ntacles (3350). (B) Expression of the preprohormone A (blue) and
Expression of the preprohormone A (brown) and C (blue) gene in
rmone C (blue) and LWamide (brown) gene in different neurons of
n in cells of the tentacle base to show that these cells are neurons
osphatase and Fast Red, followed by BM purple as a substrate. This
intensive staining of the cells (3350). (F) Lower-power micrograph
) and A (red) gene. Note the occurrence of a central cluster of Cormo
ne (r
me,
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196 Mitgutsch, Hauser, and GrimmelikhuijzenFIG. 5. Whole-mount hybridizations of developing buds of Hydra. (A) A very young bud hybridized with a probe coding for preprohormone
A. Note hybridizing cells clustered around the tip of the bud (3180). (B) A young bud just starting to develop tentacles hybridized with a
probe coding for preprohormone A. Strong hybridization occurs all over the tip of the bud (3145). (C) A late bud with several tentacles,
hybridized with a probe coding for preprohormone A. Hybridizing neurons occur in the hypostome, in the tentacles, and in a region
corresponding to the peduncle (3180). (D) A young bud hybridized with a probe coding for preprohormone B. Hybridizing neurons occur
exclusively at the tip (3200). (E) A late bud with several tentacles hybridized with a probe coding for preprohormone B. Stained neurons
exclusively occur in the hypostome (3175).
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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Copyright © 1999 by Academic Press. All righthead regenerating tip (Figs. 9A and 9B). Then, clusters or
patches of C neurons arise: one central patch at the very tip
and five or six peripheral clusters located at the base of the
area regenerating the head (Fig. 9C). The peripheral C
neuron clusters are regularly spaced and again associated
with a small tentacle bud, whereas the central C neuron
patch has an irregular pattern and is not clearly associated
with a tentacle structure. Subsequently, the central patch of
C neurons disappears, while the peripheral clusters of C
neurons and associated tentacle buds remain (which is
about 24 h after the first appearance of C neurons; Fig. 9D).
The hypostome-specific B neurons appear clearly later than
the tentacle-specific C neurons in the head-regenerating tip
and are, initially, intermingled with the C neurons (Figs. 9E
and 9F). When tentacle buds appear, the B neurons increase
in number and, finally, the B and C neurons segregate (Figs.
9G and 9H).
Nerve-Free Hydra
To find out whether one of the four preprohormone genes
(by means of their peptide products) is involved in tentacle
outgrowth or other developmental processes, we have
raised nerve-free Hydra that consist of only epithelial cells
(see Materials and Methods). These epithelial Hydra have a
normal Hydra phenotype with normal tentacle growth and
bud formation (if daily force-fed by hand with dead brine
FIG. 7. Schematic drawing of the spatial appearance of C neurons
(A–D) and B neurons (E–F) in different stages of a developing Hydra
ud (viewed from above). These different stages were examined
sing the double-labeling in situ hybridization technique. (A and E)
oung bud without tentacles. C neurons arise at the margin,
hereas B neurons arise at the center of the bud tip. (B and F) The
ydra bud at a stage at which the tentacle buds start to originate.
he C neurons form clusters within the tentacle buds, whereas the
neurons are scattered all over the developing hypostome. (C and
) While the tentacles and associated C neurons continue to
evelop, a new ring of C neurons originates around the center of the
ud tip. The B neurons occupy a more central position of the
eveloping hypostome. (D and H) As a next stage, the central ring
f C neurons disappears, and both the C and the B neurons occupy
he positions that we find in adult animals.FIG. 6. Whole-mount hybridization of developing buds of Hydra. (A)
young bud hybridized with a probe coding for preprohormone C.
ote that hybridizing cells do not originate in the center but in the
eriphery of the bud tip at positions at which later tentacles will arise
3300). (B) A bud at half-way of its development hybridized with a
robe coding for preprohormone C. Hybridizing neurons occur in the
entacles and in the center of the bud tip. In the upper right corner is
he gastric region of a neighboring Hydra (3250). (C) A late bud
ybridized with a probe coding for prepro-Hydra-LWamide. Note thatshrimps). In situ hybridization of epithelial Hydra with
s of reproduction in any form reserved.
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198 Mitgutsch, Hauser, and GrimmelikhuijzenFIG. 8. Whole-mount hybridization of Hydra regenerating a head, using a cRNA probe coding for preprohormone C. Hydra heads were cut off
by a transverse section just below the tentacle zone and the regeneration of heads in the remaining body columns was monitored. (A) Side view
of a regenerating tip 24 h after removal of the head. Scattered C neurons have appeared at the tip (3250). (B) A regenerating tip 24 h after removal
f the head. After the hybridization procedure was finished, this tip was cut off and mounted in such a way that it could be viewed from the top.
ote the irregular distribution of C neurons (3250). (C) A regenerating tip 32 h after removal of the head. The view is from the top. Note the C
euron clusters that, at three or four peripheral positions, are already part of small tentacle buds (3250). (D) A regenerating tip 40 h after removal
f the head and viewed from the top. Note the one central and six peripheral tentacle buds, each containing C neurons. The central tentacle bud
as the same size as the peripheral ones (3200). (E) Side view of a regenerating tip 44 h after removal of the head. The peripheral tentacles are
ow well developed, while a central patch of C neurons is still present (3150). (F) Side view of a regenerating tip 48 h after removal of the head.
his animal has well-developed peripheral tentacles, while the central patch of C neurons has now disappeared (3200).
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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199Developmental Expression of Hydra Neuropeptide Genesprobes corresponding to each of the four preprohormone
mRNAs showed that this type of Hydra did not express any
of the preprohormone genes. This clearly shows that the
four preprohormone genes are not essential for the basic
pattern formation of Hydra.
DISCUSSION
The distributions of the A, B, and C neurons, when added
FIG. 9. Schematic drawing of the temporal and spatial appearance
of C neurons (A–D) and B neurons (E–H) during head regeneration
of the lower half of a Hydra, of which the upper half, including
head, has been removed (viewed from above). The time scale gives
a rough indication of the time points during which the different
developmental stages appear. All stages were examined using the
double-labeling in situ hybridization technique. (A and E) First C
neurons appear at the tip of the regenerating head, while B neurons
are still absent. (B and F) The C neurons increase in number and are
spread in an irregular fashion over the surface of the regenerating
tip. The first B neurons appear, intermingled with the C neurons.
(C and G) An irregular patch of C neurons has appeared in the
center of the regenerating tip, together with five or six small,
regularly spaced tentacle buds in the periphery, each associated
with a cluster of C neurons. The B neurons have increased in
number and are localized all over the center of the regenerating tip.
(D and H) The peripheral tentacle buds and associated C neurons
have become more prominent, while the central C neuron patch
has disappeared. The B neurons occupy a region lying apical of the
tentacle basis. The distribution of C and B neurons now resembles
the pattern found in adult Hydra. In stage (A 1 E), the center of the
regenerating tip has pure tentacle-like properties; in stage (B 1 F)
and (C 1 G), there is a mixture of tentacle- and hypostome-like
characteristics; and in stage (D 1 H), the center of the regenerating
tip resembles a normal hypostome.together, correspond well with the distributions of those
Copyright © 1999 by Academic Press. All righteurons in Hydra that we visualized previously using
Famide antibodies (Grimmelikhuijzen, 1985). The distri-
ution of the neurons expressing the prepro-Hydra-
Wamide gene, however, is somewhat different from that
ublished by Leitz and Lay (1995), using LWamide antibod-
es. Whereas Leitz and Lay found LWamide-positive neu-
ons only in the tentacles and basal disk, we find strong
repro-Hydra-LWamide gene expression in numerous neu-
ons distributed all over the Hydra body (Fig. 2D). However,
in some batches of Hydra, we find that the gastric regions
lack prepro-Hydra-LWamide expression. The reasons for
these variations are unknown.
Epithelial, nerve-free Hydra have a phenotype that
roughly resembles that of wild-type Hydra. In epithelial
Hydra, we did not find expression of the preprohormone A,
B, or C or the LWamide preprohormone genes, which means
that the four genes and their neuropeptide products are not
involved in basic pattern formation of Hydra. It could be,
however, that the four neuropeptide genes control the
differentiation of nonepithelial cells in wild-type Hydra,
e.g., the differentiation of stem cells (I cells) into the various
types of nerve cells. In this context, it was interesting to
investigate the order in which the four types of neurons
appeared during head formation. In both head-regenerating
animals and developing buds, this order was LWamide, A,
and then C and B neurons. This already means that the
neuropeptide products of the Hydra-RFamide (A, B, C)
neurons cannot be responsible for the differentiation of I
cells into LWamide neurons, but it leaves open the possi-
bility that the LWamide neurons are responsible for the
emergence of the A, B, or C neurons (or other combina-
tions).
In a previous study, Bode and co-workers investigated the
temporal pattern of early tentacle and hypostome formation
during head regeneration in Hydra (Bode et al., 1988). As a
tentacle marker, they used a monoclonal antibody recog-
nizing the ectodermal surface of epithelial cells from the
tentacles (and, to a lesser extent, also of cells from the foot),
and as a hypostome marker, they used an RFamide antibody
recognizing ectodermal hypostomal sensory cells. This RF-
amide antibody, however, also recognized ganglion cells
from the lower hypostomal region, tentacles, upper gastric
region, and foot and was, therefore, not hypostome-specific
(Grimmelikhuijzen, 1985). Using the two markers, they
found that, during head regeneration, the tentacle antigen
first appeared at the tip of the regenerating head together
with RFamide-positive ganglion cells, which then spread
radially over a larger surface. Once the tentacle buds started
to originate and form a ring around the basis of the regen-
erating head, both the tentacle antigen and the RFamide-
positive ganglion cells disappeared from the center of the
regenerating tip and were replaced by RFamide-positive
sensory cells characteristic for the hypostome (Bode et al.,
1988). From these data, Bode and co-workers proposed a
model in which the tip of the regenerating head first gains
a certain positional value (or positional information based,
e.g., on a morphogen gradient; see Wolpert, 1971, 1989;
s of reproduction in any form reserved.
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200 Mitgutsch, Hauser, and GrimmelikhuijzenWolpert et al., 1974) that corresponds to that of a tentacle.
Later, the tip attains a higher positional value correspond-
ing to that of a hypostome, thereby causing the premature
tentacle cells to disappear from the hypostome, but to
remain further away from the tip at a position at which the
positional value is lower and corresponds to that of a
tentacle.
A second model for pattern formation exists that is also
based on a morphogen (or “source”) gradient. Here, every
structure (e.g., Hydra hypostome or tentacles) has its own
short-range autocatalytic activator and long-range rapidly
diffusible inhibitor (Gierer and Meinhardt, 1972; Mein-
hardt, 1993, 1996). Also, this model can explain the findings
of Bode and co-workers (Meinhardt, 1993, 1996).
More recently, two other groups have confirmed the
observations of Bode and co-workers: Weinzinger et al.
(1994) used as a tentacle marker an RNA probe correspond-
ing to a newly cloned gene, ks1, coding for a tentacle
epithelial cell-specific protein, of which the function is
unknown. They found that 2 days after removal of the head
(by a transverse section just below the tentacle ring), ks1
expression appeared as a patch at the center of the head-
regenerating tip, at a time point at which the basal tentacles
were already beginning to evaginate. Subsequently, this
central ks1 expression disappeared, whereas it remained in
the tentacles. Technau and Holstein (1995) applied the
same tentacle-specific monoclonal antibody as Bode and
co-workers (1988), but used as a hypostomal marker a
monoclonal antibody directed against epithelial cells from
the hypostomal endoderm. In accordance with Bode et al.
1988), these authors observed that, after removal of the
ead from Hydra (by a transverse cut just below the
entacle zone), first a patch of tentacle-specific antigen
ppears at the center of the regenerating tip, followed by the
ppearance of the basal ring of tentacles and the disappear-
nce of the central patch of tentacle antigen. The endoder-
al hypostome marker appears considerably later than the
entacle marker, namely more than 12 h after the appear-
nce of the basal tentacle ring. The combined use of an
ndodermal hypostome marker and an ectodermal tentacle
arker might be dangerous, because it could theoretically
e possible that the hypostomal endoderm follows different
egeneration kinetics than the hypostomal ectoderm. The
ost elegant way to compare hypostome and tentacle
evelopment, therefore, is to use markers for the same
issue layer.
Recently two other hypostome markers, hyp-1 and bud-
ead, that appear as early as 8 h after removal of the head
ave been published (Hermans-Borgmeyer et al., 1996;
artinez et al., 1997). Both markers, however, are endoder-
mal. Furthermore, budhead is not fully hypostome-specific
(Martinez et al., 1997).
Our present experimental data support a model that
esembles the original two-part pattern model for head
egeneration, as proposed by Bode et al. (1988). The markers
that we used, however, were different from and superior to
the ones used by Bode et al. (1988), Weinzinger et al. (1994),
Copyright © 1999 by Academic Press. All rightand Technau and Holstein (1995) because: (i) They were
more specific; both preprohormone B and C probes bind to
a mRNA species coding for a known protein with a known
function. Furthermore, the preprohormone B probe stains
exclusively neurons of the ectoderm of the hypostome (Figs.
2B, 4B, 5D,and 5E), while the preprohormone C probe stains
exclusively neurons of the ectoderm of the tentacles (Fig.
2C). (ii) Our tentacle-specific marker is an early marker for
tentacle ectoderm. This marker could already recognize
neurons in an apical head-regenerating tip 20 h after head
removal and 12 h before the first peripheral tentacle struc-
tures became visible. It is, therefore, 12–28 h earlier than
the tentacle marker used by Weinzinger et al. (1994).
However, our tentacle-specific marker might not be signifi-
cantly earlier than the one used by Bode and co-workers
(1988) and Technau and Holstein (1995). (iii) Our
hypostome-specific marker is an early marker for hypos-
tome ectoderm. This marker could already recognize neu-
rons in the tip of a head-regenerating lower half of Hydra
8 h before the first tentacle buds became apparent (Fig. 9F).
The marker, therefore, is at least 16 h earlier than the
hypostome-specific marker used by Technau and Holstein
(1995). Furthermore, because our hypostome-specific
marker recognizes mRNA coding for RFamide peptides
produced by the hypostomal sensory neurons, it must also
be significantly earlier than the RFamide antibody marker
used by Bode and co-workers (1988). (iv) Our two mRNA
markers enabled us to develop a double-labeling technique.
Double-labeling techniques were not used by the three
other research groups in their regeneration experiments.
Using our two early and specific markers, we found that,
during head regeneration of the lower half of Hydra, first
the tentacle-specific C neurons appear at the center of the
regenerating tip (Fig. 9A). These neurons subsequently
increase in number and spread radially, thereby occupying a
larger surface (Fig. 9B). At this point, the first B neurons
arise, intermingled with the C neurons (Fig. 9F). Then the
peripheral C neurons become organized in five or six
regularly spaced clusters, each associated with a small
tentacle bud, while the central C neurons form an irregular
patch around the center of the regenerating tip (Fig. 9C).
Subsequently, the central patch of C neurons disappears
and is replaced by hypostome-specific B neurons (Figs. 9D
and 9H). At this final stage, the whole center of the
regenerating tip is occupied by hypostome-specific B neu-
rons (Fig. 9H), where about 1 day earlier this region only
contained tentacle-specific C neurons (Fig. 9A). Thus, also
with our own tentacle and hypostome markers, we find that
head formation in the head-regenerating tip of Hydra passes
through at least two phases, a tentacle- and a hypostome-
specific phase.
Although our observations confirm the conclusions of
Bode and co-workers (1988), they are much more detailed,
partly due to the specificity and early appearance of our
tentacle and hypostome markers. First, we found that there
is a broader overlap between the tentacle- and hypostome-
specific phases in the head-regenerating tip: the hypostome-
s of reproduction in any form reserved.
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C neurons at a very early stage of head regeneration, when
tentacle buds have not yet appeared (Figs. 9B and 9F). This
is 8–16 h earlier than described by Bode et al. (1988). The
overlap persists until the central patch of C neurons disap-
pears from the hypostome (Figs. 9D and 9H). Therefore,
there is not a clear-cut two-part pattern of head regenera-
tion such as Bode et al. (1988) propose, but it would be more
appropriate to speak of several transient phases leading to
head formation. Second, in animals in which we removed
the head by a transverse section just below the tentacle
zone, we observed that during head regeneration a real
tentacle structure appeared in the center of the regenerating
tip (Fig. 8D), which during the progress of head formation
disappeared again. This phenomenon has never been re-
ported before.
It is interesting that the peripheral and central clusters of
C neurons, arising during head regeneration, are spaced in a
very regular way (Fig. 8D). This spacing might be caused by
the “tentacle inhibitor,” which is a hypothetical, short-
ranged morphogen released by a developing tentacle and
inhibiting the formation of other, nearby tentacles (Mein-
hardt, 1993, 1996). The appearance of regularly spaced C
neuron clusters, therefore, might be caused by the inhibi-
tion of preprohormone C gene expression in neurons lying
in between the tentacle “anlagen.” It might also be that the
disappearance of the central C neuron cluster (Figs. 8D and
9C) is caused by inhibition coming from the other five or six
peripheral tentacle anlagen, because the perceived inhibi-
tion in the central anlage might be expected to be consid-
erably higher (two to three times) than that in one of the
peripheral anlagen. Thus, two explanations might be given
for the localization of C neurons and associated tentacles in
adult Hydra. One is based on the above-mentioned assump-
tion that C neuron and tentacle formation occurs between
two thresholds (between high and very high positional
values). In the other explanation, there is only one lower
threshold (high positional value), and C neurons and asso-
ciated tentacles are not expressed at very high positional
values (e.g., in the hypostome), because during head devel-
opment, the peripheral tentacle anlagen inhibit the forma-
tion or maintenance of other tentacles in that region.
Of course, there are other possible explanations for the
positions of the tentacles and associated C neurons. One of
them has been worked out in a computer model by Mein-
hardt (1993, 1996). Here, the tentacles have, again, only one
lower threshold (high positional value or, in the terminol-
ogy of Meinhardt, high “source density”) and the expression
of tentacles at very high positional values is inhibited by
the developing hypostome itself (via its hypostome “acti-
vator”). For our head-regeneration experiments, this would
mean that there is a competition between the tentacle-
specific cells (among them C neurons) and hypostome-
specific cells (among them B neurons) in the early phases of
a regenerating head (Figs. 9B and 9F). As the number of
hypostome-specific cells increases in the center of the
head-regenerating tip (Figs. 9F–9H), due to the increase in
Copyright © 1999 by Academic Press. All rightpositional value, the number of tentacle-specific cells
would decrease in this area (Figs. 9C and 9D), thus leading
to a sorting out of tentacle- and hypostome-specific cells. In
agreement with our experimental data, Meinhardt’s com-
puter simulations predict the emergence of transient
tentacle-specific structures in the center of the regenerating
tip during head regeneration (Figs. 8D and 9C; Meinhardt,
1993).
It is assumed that the above-mentioned positional value
for head formation in adult Hydra is highest at the hypos-
tomal apex, followed by the hypostomal base, tentacles,
upper gastric region, lower gastric region, and foot (Wolpert,
1971, 1989; Gierer and Meinhardt, 1972; Wolpert et al.,
1974; Meinhardt, 1993, 1996). Thus, as discussed above,
preprohormone B expression would reflect the highest po-
sitional value, since it is specific for the hypostome,
whereas preprohormone C expression would represent a
somewhat lower value, since it is specific for the tentacles.
It would be interesting, then, to understand how the expres-
sion of the preprohormone A gene is regulated, since this
gene is expressed in the hypostomal apex, hypostomal base,
tentacles, and upper gastric region (Fig.2). Expression in the
hypostomal apex points to a very high positional value,
whereas expression in the upper gastric region points to a
medial value. The answer, therefore, could be that the
preprohormone A gene is activated by a wide range of
positional values, from medial to very high. A similar
explanation could be given for the expression of the prepro-
Hydra-LWamide gene, which is found all over the Hydra
body. This gene would be activated by an even wider range
of positional values, from low to very high.
These interpretations are supported by our head-
regeneration experiments. One can assume that after the
removal of the head and upper gastric region, the posi-
tional value in the tip of the remaining half of the Hydra
body column is low and that this value gradually in-
creases again during head regeneration (Wolpert, 1971,
1989; Gierer and Meinhardt, 1972; Wolpert et al., 1974;
Meinhardt, 1993, 1996). In agreement with this, LW-
amide neurons originate early (at a low positional value)
during head regeneration and continue to be present until
the regeneration is complete (also in the newly regener-
ated hypostome, where there is a very high positional
value). In our head-regenerating animals, the A neurons
appear shortly after the emergence of LWamide neurons
(at medial positional value) and they continue to be
present until the regeneration is complete (also in the
hypostome, where there is a very high positional value).
As mentioned earlier, the C neurons follow the A neu-
rons, and the B neurons follow the C neurons, in head-
regenerating Hydra. Thus, both in intact and in head-
regenerating animals, the expression of the four different
preprohormone genes can be explained by a specific po-
sitional value (high or low; with a broad or a narrow
range) required to activate them. This does not exclude,
however, that certain “fine tunings” exist, e.g., that one
of the neuropeptide gene products could influence the
s of reproduction in any form reserved.
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fine tuning could occur at a certain positional value and
could create a second pattern in a second and third di-
mension (see, for example, the regularly-spaced distribu-
tions of A, C, and LWamide neurons at a certain posi-
tional value, that of the tentacles; Fig. 3).
Our explanation, namely that the expression of the four
different preprohormone genes is simply based on posi-
tional values, appears to be valid only for the head and
gastric regions. The situation in the foot might be more
complicated, since other morphogen gradients are likely to
play a role in this area (Meinhardt, 1993).
The development of a Hydra bud might also represent
a special situation. The initial positional value of a Hydra
bud is low, because it starts to grow at a position located
at the lower one-fourth to one-third of the Hydra body
column. It is assumed that the positional value of the
apex of the developing bud subsequently increases during
bud growth (Gierer and Meinhardt, 1972; Meinhardt,
1993, 1996). Therefore, one would expect that the four
types of neurons would appear in the same temporal
order during bud outgrowth as during head regeneration.
In accordance with this is the emergence of first the
LWamide and then the A neurons. However, in contrast
to head regenerates, the C and B neurons appear at about
the same time (Figs. 7A and 7E). Also the C and B neurons
are not intermingled as we found in head regenerates
(Figs. 9B and 9F), but they have already been sorted out
when they appear: the C neurons originate at the periph-
ery of the bud tip (Figs. 6A and 7A), whereas the B
neurons emerge at the center (Fig. 7E). Both observations
are not conflicting with our earlier conclusions from
intact animals and head regenerates, namely that the C
neurons appear at high and the B neurons at very high
positional values. However, in contrast to head regener-
ates, it seems that the center of the tip of the Hydra bud
emains only for a short period of time at a high posi-
ional value and quickly passes to a very high value,
hereby not allowing its neurons enough time to express
heir preprohormone C gene.
After a pattern had been established with five or six
eripheral tentacles containing C neurons (Fig. 7B), and a
ypostome containing B neurons (Fig. 7F), we observed
nother interesting phenomenon in Hydra buds, namely
he transient appearance of a secondary ring of C neurons
t the center of its hypostome (Figs. 3F, 6B, and 7C). This
ing of C neurons clearly indicates the presence of
entacle cells and suggests that pattern formation has not
et been completed. We have no good explanations for
his transient appearance of the C neuron ring, and also,
computer simulation of head formation in developing
ydra buds does not predict the emergence of tentacle-
ike structures at the center of its developing hypostome
Meinhardt, 1993, 1996). Thus, although theoretically
nexplained, we can clearly see that the tip of a Hydra
ud also passes through several phases of development, of
hich some have mixed tentacle and hypostome fea-
Copyright © 1999 by Academic Press. All rightures. Therefore, our findings in both head regenerates
nd developing buds clearly show that head formation in
ydra involves several phases of development, in which
entacle- and hypostome-specific gene expressions are
losely coexisting.
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